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Solegel and dip-coating technologies have been used to deposit La0.7Sr0.3MnO3 (LSM) porous thin ﬁlms
on stainless steel SS444-Cr-17% interconnect plates. Single and double LSM layers were ﬁred in air at
800 C for 2 h to achieve a sufﬁcient adhesion on the substrate. The microstructure and composition of
oxide scales were investigated using X-ray diffraction, scanning electron microscopy and energy
dispersive X-ray analysis. The area speciﬁc resistance (ASR) for coated and uncoated plates was evaluated
during long term oxidation in air at 800 C for 200 h, and between 600 and 900 C, by DC two point
measurements. The formation of an interfacial oxide scale based on (Cr,Mn)3O4 spinel and Cr2O3 has
been evidenced for uncoated and LSM-coated SS444. The results indicate that the oxidation resistance of
the alloy is enhanced by a protective coating consisting of one single LSM layer. ASR values as low as
0.6 mU cm2 were recorded after 200 h at 800 C. The effectiveness of the LSM layer as a protective
coating depends on the stability of the ﬁlm and its adherence on the alloy substrate.
 2013 Elsevier B.V. All rights reserved.1. Introduction
Solid Oxide Fuel Cells (SOFC) have attracted a great attention as
a new electric power generation system because of high energy
conversion efﬁciency and an excellent long term stability during
operation [1]. Ceramic materials are the basic components in SOFC.
The high operating temperature of SOFC increases the electrode
reaction rates but also enhances degradation of components and
thus decreases the cell durability. The performance can be
improved by a better control of the morphology of the different
components and the reduction of the working temperature from
1000 C to below 800 C is likely to preserve the stability besides: þ55 21 25627596.
uza).
All rights reserved.allowing the use of metallic interconnects instead of ceramic-based
ones.
Many alloys based on iron, chromium and nickel have been
investigated as interconnects for SOFCs [2e5]. Among these alloys,
ferritic stainless steels are the alloy of choice for metal-supported
SOFCs because they are quite inexpensive, have similar thermal
expansion coefﬁcients with other cell components, produce a thin,
continuous and conductive chromia scale, and can have very long
lifetimes at the SOFC operating temperature [6,7]. One of the major
degradation problemswhen using these alloys is cathode poisoning
by chromium from vaporization of the metallic interconnect.
Several degradation mechanisms have been proposed in the liter-
ature [8e12]. In most of the proposed models, the oxidation of
chromium oxide in the interconnect releases volatile Cr6þ species,
such as CrO3 and CrO2(OH)2, which are reduced at the triple phase
boundary in the cathode leading to a rapid deterioration of the cell
performance.
L. da Conceição et al. / Journal of Power Sources 241 (2013) 159e167160Several coating systems have been proposed for stainless steel
interconnects to reduce chromium volatilizationwhile maintaining
low electrical resistance [13,14]. These coatings consist mainly of
perovskite layers based on lanthanum strontium manganite or
cobaltite, and manganese containing spinels, which are chemically
and thermally compatible with other cell components [15e19]. A
LSM dense layer may have greater efﬁciency in blocking chromium
diffusion [15,20e23], but several works in the literature report that
even a LSM porous ﬁlm also shows excellent performance as barrier
for the chromium diffusion [24e26].
The methods used for coating metallic interconnects have
been reviewed recently [19] and include chemical vapour depo-
sition, pulsed laser deposition, plasma spraying, screen printing,
slurry coating, radio frequency magnetron sputtering, electrode-
position and solegel process. Among these methods, the solegel
process provides several advantages: the microstructure and
composition of the deposit can be easily controlled, deposition
can be performed at low temperatures and the adhesion on the
substrate is strong [27]. Despite these advantages, solegel method
is not largely used for perovskite coating on metallic in-
terconnects. Zhu et al. [28] used a solegel method to deposit
lanthanum chromite on SS444, improving the oxidation resis-
tance and scale adhesion on the alloy substrate after cyclic
oxidation in air at 800 C.
Cathodes based on lanthanum strontium manganite (LSM) are
commonly used in SOFC, because of its high electrocatalytic activity
for the O2 reduction and a good chemical compatibility with elec-
trolyte material based on zirconia. LSM-based materials have been
investigated as protective coatings for chromia-forming metallic
interconnects in oxidizing atmosphere [15,29e32]. Most of the
reports indicate that LSM coatings change the oxidation behaviour
of the base alloys and enhance the long term stability of metallic
interconnects [20,21,33e35]. The area speciﬁc resistance (ASR)
determined for a (La0.80Sr0.15)0.9MnO3 layer slurry-coated on a Fee
16Cr alloy remained stable around 0.074 U cm2 for 2600 h in air at
750 C [15]. For LSM plasma-sprayed on SS444 substrate, the ASR
remained lower than 0.02U cm2 for 165 h in air at 800 C [24]. After
an oxidation of 8000 h at 800 C in air, the ASR of
(La0.80Sr0.20)0.98MnO3-coated Crofer22APU substrate reached a
value of 0.023 U cm2 [22]. This value is close to those reported by
Quadakkers group for uncoated Crofer22APU during oxidation in
air at 800 C [36]. Regardless of the temperature, the oxidation
behaviour of metallic interconnects depends on the nature of
interfacial oxides formed between LSM coating and the substrate
[19,32].
The aim of this study is to investigate LSM ﬁlms as direct pro-
tective coatings for metallic SOFC interconnect, using a simple
deposition technique. For this purpose, La0.7Sr0.3MnO3 (LSM) single
and double layers were deposited by solegel/dip-coating on com-
mercial ferritic stainless steel (SS444). SS444 is an alloy with high
corrosion resistance for applications at high temperatures, due to
its high chromium content (17e19%) and additives such as niobium
(Nb) and molybdenum (Mo). Moreover, the SS444 alloy has lower
difference in thermal expansion coefﬁcient to the ceramic coating
and higher thermal conductivity than austenitic steels, making it
less susceptible to internal stress which may occur when subjected
to temperature in corrosive media. The ASR of uncoated and LSM-
coated SS444 was monitored during long-term oxidation (200 h) at
high temperature (800 C). The microstructure and composition ofTable 1
Chemical composition of SS444 (in wt %) determined by X-ray ﬂuorescence (XRF).
Fe Cr Mn Si Mo Ti
78.9 17.4 0.2 0.7 2.1 0.1interfacial oxides were investigated using X-ray diffraction (XRD),
scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) analyses.
2. Experimental
Commercial ferritic stainless steel SS444 (ArcelorMittal, Brazil),
containing 17.4 wt.% of chromium (Table 1), was used as substrate
(10  10  1 mm3). The surface of the substrates was sanded using
SiC paper (400, 600, 1200 and 2400) and polished with diamond
abrasives. The polished substrates were ultrasonically washed in
several steps with deionized water, isopropyl alcohol and acetone
during 10 min and then dried at 100 C in a furnace.
LSM (La0.7Sr0.3MnO3) precursorswere synthesized using the sole
gel route. The solution ofmetal salts (concentration Cs) was prepared
from La(NO3)3$6H2O (99%), Sr(NO3)2 (99%), Mn(NO3)3$6H2O (99%)
(Vetec-Brazil), dissolved in distilled water in appropriate amounts.
This solution was then added to an organic solution (concentration
Co) containing acetic acid, hexamethylenetetramine (HTMA) and
acetylacetone to promote the polyesteriﬁcation and poly-
condensation reactions [37]. The concentration of metal salts was
0.18mol L1with R¼ Co/Cs¼ 3. The solutionwas heated to 80 C on a
heating plate during approximately 1 h to reach the desired viscosity
(50 mPa s). The as-obtained gel was then deposited on the substrate
at room temperature by perpendicular dip-coating. Film deposition
was carried out with a holding time of 40 s in the gel and a with-
drawal speed of 50mmmin1. Subsequently, the sampleswere dried
at 100 C for 10 min, and thus a second layer could be possibly
deposited. The coatings underwent a pre-heating treatment at
400 C, and thenwere heated in air up to 800 C at 2 Cmin1 for 2 h.
Uncoated FeeCr alloy andalloys coated by one or two LSM layerswill
be referred to as SS444, SS444-1 and SS444-2, respectively.
The crystalline phases present were investigated by X-ray
diffraction (XRD) using a PANalytical X’Pert Pro MPD diffractom-
eter, with a 2q speed of 2 min1 from 10 to 90. The crystallite sizes
(DXRD) and microstrain ( 3) were calculated using the following
equation [38]:
bcos q=l ¼ 1=DXRD þ 4 3sin q=l (1)
where q is the diffraction angle, l is the wavelength of incident
radiation and b is the full width at half maximum (FWHM) of the
peak. Plotting the bcos q/l versus 4sin q/l a straight line yields the
crystallite size from interception with the ordinate and microstrain
from the slope.
Microstructures and elemental analysis of the deposited ﬁlms
were studied using scanning electron microscopy (SEM) with ﬁeld-
emission gun ZEISS Ultra 55 coupled with an energy dispersive X-
ray (EDX) analyzer ZEISS 1540XB (Carl Zeiss NTS GmbH, Germany).
For measuring the oxide scale thickness grown on the surface of the
metallic substrate, cuts were made on the cross section of the un-
coated and LSM-coated samples, then the samples were embedded
in resin and subsequently cross-sectional surface was sanded with
sandpaper 1200 and 2400 SiC and polished with diamond. The
forming edges of the sample region (resin) were coated with a thin
layer of platinum and the sample surface with a thin layer of carbon
using a Sputter Coater, SCD brand, model 50.
Area speciﬁc resistance (ASR) of uncoated and LSM-coated al-
loys was measured as a function of time at 800 C (isothermalNb C Others
0.2 <0.1 N  0.030 (0.2 þ 4(C þ N)  S þ P  0.030 0.040)
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(before and after isothermal oxidation) in air by using a DC two-
point, four-wire probe approach [15]. The results related to the
variation of ASR versus temperature have been recorded during a
second thermal cycle upon heating. Indeed, some discrepancies
have been evidenced for isothermal ASR values during the ﬁrst
cycle. Thus, at least the uncoated alloy can be regarded as pre-
oxidized before ageing at 800 C. Although pre-oxidation treat-
ments are clearly effective in improving the corrosion resistance
[2], the inﬂuence of isothermal ageing when coupled with LSM
coating is likely to be similar [39]. In order to avoid any penetration
of the metal electrode through the thin LSM coatings, platinum
mesh (3600 mesh cm2) was used as current collector. As a
consequence, Pt could be detected on the surface of the coating and
in the cross-sectional morphology. To ensure an appropriate con-
tact between the current collector and the investigated specimen,
some constant load (100 g) was applied. A constant current from 1
to 10 mA imposed by a potentiostat/galvanostat (Radiometer PGS
201T) was passed through Pt probes and the voltage in the sample
was measured using a multimeter (HewlettePackard 34401A).
During oxidation at high temperatures, the ASR of uncoated and
LSM-coated alloys is affected by the resistivity of the interfacial
oxide layer. By exposing alloys at high temperature, oxide scale is
formed on both sides of the substrate. The ASR was calculated ac-
cording to Ohm’s law: ASR ¼ V/2i, where V is the voltage drop and i
the current density. The factor of 2 was added to take into account
that the voltage drop was measured across two scales connected in
series. The area was chosen equal to the geometric area covered by
platinum meshes, according to the high conductivities of the sub-
strate and LSM coating. By assuming that the resistivity of the alloy
is negligible in comparison with that of oxide layers [2], ASR is
directly related to both resistance and thickness of oxide scale and
to the electrical properties of interface with the substrate. ASRFig. 1. XRD patterns of (A) SS444, (B) SS444-1 and (C) SS444-2 before and after (oxi) oxidatio
(C) for comparison.measurements during oxidation at 800 C in air were performed
twice on uncoated and single layer coated alloys. The ASR values
were observed to vary less than 10% in the chosen experimental
conditions.
3. Results and discussion
3.1. Structural properties
Fig. 1 presents the X-ray diffraction patterns of SS444 (un-
coated), SS444-1 (one LSM layer) and SS444-2 (two LSM layers)
specimens, before and after isothermal oxidization at 800 C for
200 h in air. Through XRD analysis of uncoated SS444, it is observed
that the oxides formed on the alloy surface consist mainly of Cr2O3
and (Cr,Mn)3O4 with a spinel structure, in agreement with previous
reports on Mn-containing FeeCr alloys [14,22,25]. The formation of
(Cr,Mn)3O4 can be attributed to the high diffusion coefﬁcient of
manganese ions [25]. Moreover, the diffraction intensity of the Fee
Cr alloy signiﬁcantly decreased after oxidation, which implies that
the oxidation is basically controlled by the outward diffusion of
cations from the alloy substrate, resulting in depletion of alloying
elements and shrinking lattice parameters in the substrate near the
oxide scale [40].
Within the experimental accuracy, only the LSM phase was
detected for coated specimens after heating at 800 C for 2 h
(before oxidation) suggesting that no signiﬁcant chemical reaction
occurs between the perovskite phase and the FeeCr alloy. In
agreement with literature data [22,25,31,32,34], Cr2O3 and
(Cr,Mn)3O4 oxides were detected after the oxidation step, indi-
cating that diffusion of chromium and manganese ions from the
alloy occurs during the isothermal treatment at 800 C in air.
The average crystallite sizes of the LSM coating were calculated
according to Equation (1), before and after oxidation (Table 2). Then at 800 C for 200 h in air. XRD pattern of SS444 before oxidation is reported in (B) and
L. da Conceição et al. / Journal of Power Sources 241 (2013) 159e167162crystallite size remains nearly constant after long term oxidation.
Since the microstrain increases after oxidation, one can thus sug-
gest that the crystal lattice distortion due to internal stresses be-
comes more severe upon heating. The SS444-1 and SS444-2
specimens are characterized by a similar average crystallite size,
proving the high stability of the LSM ﬁlm during the deposition
process and during the oxidation treatment at high temperature.
Orlovskaya et al. [41] calculated a crystallite size of LaCrO3 thin ﬁlm
deposited on SS446 as 21.8 nm after annealing in air at 700 C for
1 h.
3.2. Microstructural properties
As suggested by micrograph of the surface of uncoated alloy
(Fig. 2a), the existence of residual pores corresponds to a partial
spallation of the oxide scale. The thickness of the oxide scale is
rather uniform and the average value is around 4 mm after 200 h at
800 C in air (Fig. 3). Such a value agrees with literature data on
uncoated alloys under similar experimental conditions. For
instance, the average thickness of the oxide scale was measured at
3 mm for an uncoated FeeCr alloy containing 24% Cr and 1e5% Mn,
after heating at 900 C for 100 h in air [25]. The oxidation of Cro-
fer22APU substrate at 800 C for 100 h in air yields an oxide scale
10e11 mm thick [22]. For this same substrate, Stanislowski et al. [14]
measured a thickness of 0.7e1.3 mm for the oxide scale after
oxidation at 800 C for 500 h in slightly humidiﬁed air.
From surface morphology of SS444-1 and SS444-2 (Fig. 2a and
b), it is clear that the LSM coatings are porous, as expected when
using dip-coating. The existence of necks between LSM particles
indicates a partial sintering during the oxidation treatment.
Furthermore, the presence of some faceted grains could be related
to Cr2O3 and/or (Cr,Mn)3O4 phases [42]. Such grains can be observed
because of the small coating thickness (Figs. 4 and 5). For the coating
prepared with two LSM layers, some cracks are evidenced after
oxidation (Fig. 2c). Since LSM is crystallized after thermal treatment
for only 2 h at 800 C (Fig.1), these cracks are likely to originate from
differences in thermal expansion coefﬁcient (TEC) between the alloy
and the LSM ﬁlm [18,31,32], yielding the development of
compressive residual stresses in the ﬁlm during the cooling process
[41]. Imperfect surfacewetting of the second gel coating should also
result in cracks already during drying at 100 C. Such cracks were
clearly evidenced for two LSM layers deposited on SS439 alloy [43].
The absence of any signiﬁcant cracks for a single layer could be
related to the more open microstructure of the coating. Indeed,
some pores were observed on dense LSM ﬁlm deposited by plasma
sputtering on FeeCr alloys after oxidation at 800 C for 200 h
whereas no signiﬁcant variation of the microstructure of screen
printed LSM coatings on similar alloys was evidenced [32].
EDX analysis of uncoated alloy substrate (Fig. 3) indicates that
the oxide scale (3) corresponds to chromium and manganese rich
regions related to the growth of chromia and spinel phases, as
evidenced by XRD (Fig. 1A). The strong peak related to carbon on
the outer layer is associated with carbon deposition during prep-
aration of the samples for EDX analysis (as described in Section 2).
As could be expected, iron and chromium are the main elements in
the bulk of investigated alloy (2). An enrichment of silica isTable 2
Average crystallite size (DXRD) of LSM phase andmicrostrain ( 3) of LSM-coated SS444
before and after oxidation at 800 C for 200 h in air.
Sample Before oxidation After oxidation
DXRD (nm) 3(%) DXRD (nm) 3(%)
SS444-1 24.6 0.19 25.5 0.28
SS444-2 24.0 0.24 26.6 0.38evidenced at the alloy/oxide interface (4) and a higher content of Ti
is detected in the oxide scale (3). In the absence of any LSM coating,
one can thus deduce that manganese originates from the alloy and
diffuses through the oxide layer [18]. For LSM-coated alloys, a more
detailed EDX analysis has been performed (Figs. 4 and 5) to
examine the diffusion across the coating/substrate interface.
Indeed, LSM is expected to act as a barrier to oxygenwhen a coated
specimen is exposed to high temperatures. This analysis was
dedicated to determine the concentration distribution of various
elements in the LSM/alloy interface. A schematic description of
transport processes between a FeeCr alloy and a LSM coating is
given in literature [13].
The ﬁrst peculiar feature is that the thickness of the oxide scale
is lower by using a LSM coating (1 mm against 4 mm for uncoated
sample), in well agreement with literature data [25]. For instance,
the average thickness of the oxide scale on Crofer22APU was
around 25 mm after oxidation for 4000 h at 800 C in air and it was
only of the order of 8 mm after 7848 h by spray coating dense LSM
on this alloy [22]. This last study agrees with the statements of Nie
et al. [20] on the requiredmorphology of the coating for an effective
protection for corrosion. Nevertheless, a decrease of the oxide
thickness after oxidation treatment has also been evidenced for
porous LSM deposited by slurry-coating on SS430 alloy [15] and
plasma spraying on SS444 substrate [24]. At this stage, it is worth
noting that the growth rate of the oxide scale was reduced by using
a thin and porous LSM ﬁlm, and thus it can be regarded as an
effective protection layer.
As indicated by XRD analysis (Fig. 1), the LSM phase is stable
after oxidation at high temperature and a slight enrichment of
chromium is detected in the interior of the coating layer (point 5 of
Fig. 4). The segregation of Cr along the whole coating has already
been reported for porous ﬁlms on FeeCr alloys [22,25].
The elemental distribution of Cr (Figs. 4 and 5) indicates a higher
concentration of chromium in the oxide scale (3) compared to the
alloy/oxide interface (2), regardless of the specimen. This suggests
that the growth of chromia is governed by diffusion of chromium
ions through the oxide layer. These results are in agreement with
previous reports pointing that the growth of chromia is a combi-
nation of apparent Crþ3 and O2 diffusivities in Cr2O3 [23,44]. An
outward diffusion of manganese is also likely and the Mn content is
even higher in the vicinity of the LSM/oxide interface. An enrich-
ment of oxygen is also evidenced. This was conﬁrmed by additional
analysis (6) performed at the alloy/oxide interface for SS444-1 and
at the alloy/LSM interface for SS444-2. An inward diffusion of ox-
ygen ions can be anticipated in the chosen experimental conditions,
evenwith a LSM coating layer. Since the LSM coating layer could be
regarded as an additional source of Mn, this element could, in
principle, be transported by an inward diffusion to the coating/
chromium oxide interface. Therefore, a further investigation of the
Mn diffusion is required. The segregation of those elements sug-
gests the formation of (Cr,Mn)3O4 at the outer surface of the oxide
layer and Cr2O3 at the inner interface. An argument in favour of this
statement is that manganese diffuses faster than chromium and is
characterized by a low solubility in chromium oxide [32]. For both
specimens, an outward diffusion of iron is also detected but its
content becomes insigniﬁcant at the outer interface.
According to XRD analysis, no iron oxide was detected when a
LSM coating is present, in agreement with thermodynamic pre-
dictions [45]. Thus, Cr- and (Cr,Mn)-based oxides can be regarded as
oxide layers preventing the growth of Fe-based oxides [22].
Moreover, the formation of the spinel phase could reduce signiﬁ-
cantly the vaporization pressure of gaseous chromium species [25].
It is worth mentioning that the above statements agree with those
presented by Quadakkers et al. [29] indicating that the transport of
chromium is responsible for the formation of the spinel phase.
Fig. 2. SEM micrographs of the surface of (a) SS444, (b) SS444-1 and (c) SS444-2 after oxidation at 800 C for 200 h in air.
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of Ti was detected in the bulk of the alloy (7) and resulted in dark
spheres. Accordingly, Ti diffusion from the alloy to the oxide scale
can be predicted for coated specimens (Figs. 4 and 5), as suggestedFig. 3. SEM micrograph and EDX analyses of a polished cross-sby Fergus [13]. At this stage, one can thus conclude that the well-
faceted grains observed on the surface of SS444-1 after oxidation
(Fig. 2b) are most likely due to the spinel phase, as already reported
for Mn-containing FeeCr alloys [3,31]. For SS444-2 specimen, theection of SS444 after oxidation at 800 C for 200 h in air.
Fig. 4. SEM micrograph and EDX analyses of a polished cross-section of SS444-1 after oxidation at 800 C for 200 h in air.
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while is lower than that observed for uncoated alloy. This can be
related to pit corrosion [46] due to gaseous oxygen diffusion
through cracks in the LSM coating. This is consistent with a higher
oxygen content at the oxide/LSM interface for two LSM layers
(Fig. 6) and, thus, a higher ﬂow of oxygen ions through the oxide
scale can be anticipated.
3.3. Electrical properties
The variations of ASR for all investigated specimens versus
oxidation time at 800 C in air are given in Fig. 7. For uncoated alloy,
the ASR dropped quickly from 30 mU cm2 at the beginning of the
test and then more slowly until a minimum of 15 mU cm2 was
reached after about 60 h. Thereafter, a sudden increase up to
45mU cm2was observed followed by a slight decrease as a function
of oxidation time until 200 h. An initial decrease of the ASR has alsobeen reported in the literature for uncoated FeeCr alloys [47e49].
According to the literature, platinum could not be regarded as a
complete inert material in contact with the oxide scale formed
during long term oxidation [2,47,50], especially by using Pt paste.
On the other side, no modiﬁcation of the oxide layer morphology
was detected when Pt covered the surface of a FeeCr alloy [51]. In
this study, current collection was performed using platinum mesh
and no signiﬁcant variation of the oxide scale thickness was
detected along the entire surface for oxidized SS444 specimens
(Fig. 3). Accordingly, the observed ASR decrease can be related to an
increasing contact area between platinum and the oxide scale,
maybe due to a smooth scale surface and to the covering by the
spinel phase, which is more conductive than chromia [18,25,32].
The sudden increase in ASR is likely to originate from partial
spallation of the oxide layer [52] which causes a huge decrease of
electrical contacts [48]. For an oxidation time greater than 60 h, one
could expect that an intimate contact between platinum and the
Fig. 5. SEM micrograph and EDX analyses of a polished cross-section of SS444-2 after oxidation at 800 C for 200 h in air.
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time (compared with the initial one) is due to another predominant
contribution, i.e. the steady growth of chromia sublayer under the
spinel phase [47]. The origin of the decrease after 180 h remains
unclear but should not be due to any penetration of platinum into
the oxide scale through the pores [2].
By coating SS444 alloy with one LSM layer, the initial ASR value
(0.6 mU cm2) is far lower than that recorded for uncoated specimen
(Fig. 7). By assuming that an interfacial oxide layer grew during
heating up to 900 C (for ASR measurements versus temperature)
and decreasing temperature down to 800 C (for isothermal
oxidation) [13], the observed difference can be related to increased
contact area when using a porous LSM coating [18]. The higher the
contact area, the lower is the contact resistance. As already
observed for LSM-coated FeeCr alloys [21,34,35], the ASR of SS444-
1 increases with time up to 1.3 mU cm2 until 20 h. In the absence of
any cracks in the LSM coating and any spallation of the oxide scale,the recorded increase is likely due to the continuing growth of the
interfacial oxide of low conductivity [32]. After, the ASR steadily
decreased down to 0.4 mU cm2 until 140 h and remained constant
till 200 h. A decrease of the ASR of coated alloys has been reported
in the literature and was related to the crystallization of the LSM
coating layer during isothermal oxidation in air [14]. According to
the results of Fig. 1, this cannot be invoked; otherwise, the recorded
decrease could be related to densiﬁcation of the LSM layer and
formation of the spinel phase, which is more conductive than
chromia [33]. The nearly constant ASR value during oxidation at
800 C in air suggests that the contact area between the LSM
coating and the oxide scale remains nearly identical and that a
semi-stable oxidation phase has been reached in the chosen
experimental conditions. It is inferred from the above results that a
single LSM thin ﬁlm coated on SS444 can slow down the high
temperature corrosion of this alloy. At this stage, it is worth
mentioning that the ﬁnal ASR value for SS444-1 is lower than a lot
Fig. 6. EDX analysis at the oxide/coating interface for SS444-1 and SS444-2 after oxidation at 800 C for 200 h in air.
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alloy must have an ASR below 100 mU cm2 to be used as an
interconnect in a practical SOFC [40,53], the observed ASR is
encouraging at least for 200 h.
After depositing two successive LSM layers on SS444 alloy, the
initial value of ASR is higher than by using one single LSM layer and
is similar to that determined for uncoated alloy (Fig. 7). This is
rather surprising if one refers to the high electronic conductivity of
the LSM phase (about 100 S cm1 at 800 C in air) [55] and to the
ASR behaviour of SS444-1. Moreover, the ASR of SS444-2 remains
nearly constant until 40 h while that of uncoated alloy signiﬁcantly
decreases. Accordingly, the high ASR recorded could not be related
to a poor bonding between the coating and platinum but rather
between the LSM ﬁlm and the alloy substrate. After 40 h of
oxidation, the ASR of SS444-2 increases with time, indicating a low
effectiveness of a two-layer LSM ﬁlm in preventing the growth of
the oxide scale. This can be related to the existence of cracks in the
LSM layer as evidenced by SEM analysis (Fig. 2c).
To get additional information on the electrical properties of the
investigated assemblies, the ASR was measured between 600 and
900 C before and after the oxidation treatment since the oxide
scale thickness is dependent on time and temperature [2,14]. Be-
tween 600 and 900 C, the logarithm of (ASR/T) varies linearly
versus the reciprocal temperature (1/T), regardless of the sample
(Fig. 8). The corresponding activation energy (Ea) was calculatedFig. 7. Area speciﬁc resistance of uncoated and LSM-coated SS444 as a function of
holding time at 800 C in air.from the slope of the recorded linear curves and values are reported
in Table 3. For oxidized SS444 and SS444-1, the activation energy is
rather close to those determined byHua et al. [40] (about 0.3 eV) for
uncoated FeeCr alloy and by Kim et al. [15] (about 0.23 eV) for LSM
coated SS430 alloy. One can also mention that these values are
slightly lower than those obtained from the experimental data
concerning oxide scales formed on different commercial stainless
steel alloys reported by Montero et al. [49]. Since the activation
energy for LSM is low in the chosen experimental conditions
(0.10 eV) [56], the main contribution to the measured ASR is likely
to be dominated by the oxide scale. It is worth noting that activa-
tion energy remains nearly unchanged and that the ASR only
slightly increases after long term oxidation for SS444-1 sample,
further conﬁrming the good stability of one single LSM layer before
and after oxidation and its effectiveness in reducing the alloy
corrosion. In agreement with Hua et al. [40], the ASR of uncoated
alloy is higher than that of SS444-1 at 900 C, which can be related
to a thicker oxide scale formed at high temperature.
For SS444-2 specimen, the situation is different. Indeed, the
activation energy and the ASR value are lower before oxidation at
high temperature (Table 3 and Fig. 8). By assuming that the elec-
trical properties of the growing oxide upon heating and of the alloy/
oxide interface are similar to those of the corresponding elementsFig. 8. Arrhenius diagram of ASR for uncoated and coated SS444 before and after
oxidation at 800 C for 200 h in air.
Table 3
Activation energy for electrical conduction of uncoated and LSM coated SS444
before and after oxidation for 200 h in air (600 C  T  900 C).
Sample Ea (eV) Before oxidation Ea (eV) After oxidation
SS444 e 0.28
SS444-1 0.24 0.29
SS444-2 0.66 0.90
L. da Conceição et al. / Journal of Power Sources 241 (2013) 159e167 167in SS444-1, the recorded difference could be related to the outer
interface between LSM and the oxide scale. An activation energy
about 0.7 eV was determined for a cobalt-coated Crofer22APU steel
between 300 and 800 C andwas related to the protective layer and
oxide scale [33]. A degradation of the outer interface would result
in an increasing ASR during cooling, as experimentally observed.
Moreover, the higher activation energy (0.90 eV) is in good agree-
ment with the one reported by Chen et al. [18] (0.85 eV) in the same
temperature range for MneCo spinel coated SS430. The recorded
increase is likely to be related to an increasing contribution of the
electron transfer at the LSM/oxide interface [2], which is not in
contradiction with the ASR degradation during the isothermal
dwell at 800 C. The observed variation of ASR versus temperature
further indicates that coating SS444 alloy by two LSM layers is not
efﬁcient to protect it from corrosion at high temperature.
4. Conclusions
Thin porous LSM coating layers were deposited successfully on a
FeeCr alloy by dip-coating. The whole surface is fully recovered by
LSM coating with good adhesion. The formation of an oxide scale
between the substrate and the LSM ﬁlm, consisting in (Cr,Mn)3O4 at
the outer surface of the oxide layer and Cr2O3 at the inner interface,
was evidenced during oxidation at 800 C for 200 h in air. The
thickness of the oxide scalewas lower for LSM-coated alloys than for
uncoated specimen indicating that LSM represents an efﬁcient pro-
tective coating. The ASR was equal to 0.6 mU cm2 for one LSM layer-
coated SS444 after an exposure at 800 C for 200 h in air. For the alloy
coated by two LSM layers, a degradation of the outer interface was
observed. It appears that one LSM layer coated on SS444 is effective
for preventing growth of oxide scale in SOFC interconnect applica-
tion but longer oxidation tests are required to warrant its use.
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